T
he in vivo ratio of nitrogen versus phosphate affects bacterial growth and metabolism, including the biosynthesis of secondary metabolites (6) , and the metabolism of nitrogen and phosphate is coordinated via complex regulatory networks (14) . In Streptomyces coelicolor, nitrogen metabolism is globally regulated by an orphan response regulator, GlnR (22) , while the expression of phosphate-regulated genes is controlled by the PhoR-PhoP two-component system (18) . When phosphate is insufficient, the sensor kinase PhoR is self-phosphorylated and subsequently transfers the high-energy phosphate group to its cognate response regulator PhoP. The phosphorylated PhoP then binds to the PHO boxes, which are comprised of several 11-nucleotide (nt) direct repeat units (DRus) in the promoter regions of its target genes, and regulates their expression (20) . Based on microarray data (13) , a connection between the phosphate metabolism controlled by PhoP and the nitrogen metabolism regulated by GlnR was proposed. Rodriguez-Garcia et al. (14) subsequently proved that PhoP repressed the expression of both glnR and the GlnR target genes, including glnA, glnII, and the amount operon (amtB-glnKglnD), through directly binding to the DRus in their promoters.
The proposed cis-element for GlnR binding is complex and is comprised of two GlnR binding boxes, each consisting of one a site and one b site separated by 6 nucleotides (i.e., a1-site-n6-b1-site-n6-a2-site-n6-b2-site-n6 [a1-b1 and a2-b2]) located upstream of most GlnR target genes (including glnA, glnII, and the amount operon) (22) . However, for some target genes (e.g., nasA [23] and SCO5163 [8] ), only two a sites are characterized in their promoters, separated by variable numbers of nucleotides.
To reveal the mechanisms for the cross talk between the regulations of phosphate and nitrogen coordinated by PhoP and GlnR, Rodriguez-Garcia et al. compared their DNA-binding sequences and found that the PhoP binding DNA sequences overlapped with the predicted GlnR binding boxes upstream of glnA and glnII but not amtB (14) . It was therefore proposed that PhoP acted as a competitive repressor by preventing the binding of GlnR to the GlnR binding boxes of glnA and glnII, whereas a "roadblock" model was hypothesized for the regulation of amtB transcription, and PhoP was proposed to block the transcription of amtB initiated from the P2 and P3 sites (14) . However, because the transcription from the P1 site, located downstream of the PhoP-binding sequences, contributed the majority of amtB mRNA when S. coelicolor grew under nitrogen-limited conditions (2), the major transcription of amtB was unlikely to be blocked by PhoP binding. Although we cannot exclude the possibility that the different media used in these two separate experiments (2, 14) might influence the transcriptional properties of amtB, the roadblock model apparently may not account for the significant derepression of the amtB promoter in the ⌬phoP mutant (Ͼ5-fold after 48 h) (14) , leaving the question of how PhoP acts to negatively regulate the expression of amount operon open for further investigation.
A DNase I footprinting assay was used here to identify the exact DNA sequences protected by S. coelicolor GlnR in the amtB pro-moter region and a new stretch of GlnR-binding sequences that not only covered the previously deduced two 22-bp GlnR binding boxes but also revealed a new GlnR binding box consisting of one a3 site and one b3 site (referred to herein as a3-b3). The functions of the three GlnR binding boxes were tested both in vitro and in vivo, and the repressive role of PhoP in regulation of amtB transcription through a plausible competitive binding mechanism was hypothesized.
MATERIALS AND METHODS
Bacterial strains, media, and primers. All of the bacterial strains and plasmids are listed in Table 1 . Escherichia coli DH5␣ was used for subcloning. S. coelicolor was grown at 30°C in either the nitrogen-rich S medium (11) or nitrogen-limited N-Evans medium (2) with 5 mM nitrate as the sole nitrogen source. When needed, aparamycin (50 g/ml), kanamycin (50 g/ml), thiostrepton (50 g/ml), and ampicillin (100 g/ml) were added to the media. All of the primers used in the present study are listed in Table 2 .
Expression and purification of the recombinant GlnR and PhoP. Expression and purification of recombinant S. coelicolor GlnR were as described previously (23) . For PhoP expression, the phoP gene was amplified with the primers SCPhoPEX_F and SCPhoPEX_R using the S. coelicolor chromosome as a template, which was digested with BamHI and EcoRI and then inserted into the same sites of pET32a (Novagen, Darmstadt, Germany) to obtain the expression plasmid pET32a-PhoP. Expression and purification of the recombinant PhoP with Trx, His, and S tags (designated S-PhoP) were performed according to the methods recommended by the manufacturer (Novagen), and the protein concentration was determined using the Bradford method (1). Purified proteins were stored in storage buffer (50 mM Tris-Cl [pH 8.0], 100 mM KCl, 10% glycerol).
DNase I footprinting assay with FAM-labeled primers. DNase I footprinting assays were performed similar to the method of Zianni et al. (24) . A 332-bp promoter region of S. coelicolor amtB was PCR amplified with the primers SCamtBFP(M13F) and SCamtBFP(M13R), and the amplicon was used as the template for further preparation of fluorescent 6-carboxyfluorescein (FAM)-labeled probes with different primer pairs: M13F-FAM and SCamtBFP(M13R) for labeling the coding strand and M13R-FAM and SCamtBFP(M13F) for labeling the noncoding strand. After agarose gel electrophoresis, the FAM-labeled probes were purified by using a QIAquick gel extraction kit (Qiagen, Germany) and quantified with a NanoDrop 2000 (Thermo, USA). For both strand assays, 1 pmol (250 ng) of probes was incubated with 3.5-g mixtures of recombinant GlnR protein and bovine serum albumin in a total volume of 40 l in the same buffer as for previously described electrophoretic mobility shift assays (EMSAs) (23) . After incubation for 30 min at 25°C, 10 l of a solution containing 0.015 U of DNase I (Invitrogen) and 100 nmol of freshly prepared CaCl 2 was added, followed by further incubation for 1 min at 25°C. The reaction was stopped by adding 140 l of DNase I stop solution (200 mM unbuffered sodium acetate, 30 mM EDTA, 0.15% sodium dodecyl sulfate) (7) . Samples were extracted with phenol-chloroform and precipitated with ethanol, and the pellets were dissolved in 10 l of Mini-Q water. For preparation of the DNA ladders, the fmol DNA cycle sequencing system (Promega) was used. The volumes of the sequencing reactions were enlarged to 12 l with 15 ng of amtB promoter region that was amplified with the primers SCamtBFP(M13F) and SCamtBFP(M13R) as the template and 5 pmol of FAM-labeled primer M13F (or primer M13R for the noncoding strand sequencing) as the sequencing primer. The sequencing samples were precipitated with ethanol, dried, and dissolved in 5 l of Mini-Q water. For both digested DNA fragments and sequencing products, 1 l of each sample was added to 8.5 l of HiDi formamide and 0.5 l of GeneScan-LIZ600 size standards (Applied Biosystems) and was analyzed with 3130xl DNA analyzer and Peak Scanner software v1.0 (Applied Biosystems).
EMSA. According to the GlnR-protected region in the amtB promoter, probes 101 bp in length representing various types of mutation at each a-b site were synthesized through annealing equal molar amounts of synthetic oligonucleotides (Table 2 and see Fig. 3A ), followed by extension using Klenow polymerase fragment (NEB, Massachusetts). All of the probes were labeled with [␥-32 P]ATP using T4 polynucleotide kinase (T4 PNK; NEB). EMSA was carried out according to a previously described procedure (23) , except that the binding buffer was composed of 50 mM Tris-HCl (pH 8.0), 100 mM KCl, 2.5 mM MgCl 2 , 1 mM dithiothreitol, and 10% glycerol.
egfp fusions and expression. For egfp fusions, a 500-bp fragment of the upstream region of amtB was PCR amplified with the primers SCamtB-1 and SCamtB-2. The fragment was digested with BamHI and NdeI and introduced into the likewise-digested pIJ8660 (21) to construct pIJ8660-amtBpWT. Site-directed mutations of the ab sites in the amtB promoter were achieved by PCR using paired primers with mutated nucleotides at the 5= ends (Table 2) , yielding pIJ8660-amtBp3, pIJ8660-amtBp1, and pIJ8660-amtBp2, which had mutations in a3-b3 (defined below), a1-b1, and a2-b2, respectively. The mutagenesis procedures resembled the method described in the MutanBEST kit (TaKaRa, Japan), except that the high-fidelity DNA polymerase KOD Plus (ToYoBo, Japan) was used to produce blunt-ended PCR products that allowed direct selfligation in the presence of T4 PNK. All of the constructed plasmids were introduced into S. coelicolor M145 by conjugation from E. coli ET12567/ pUZ8002 (3). Reverse transcription-PCR (RT-PCR) analyses were performed to analyze the expression of the reporter egfp gene in M145.The culture of Streptomyces strains and extraction of total RNA were carried out as described previously (23), and 2.5 g of total RNA was used for cDNA synthesis with 6-bp random primers using the SuperScript III firststrand synthesis system (Invitrogen). The cDNA (50 ng) was used as the template for the following PCRs, using the hrdB gene as an internal control. Equal amounts of RNA without RT was used as a negative control. The PCR procedures were as follows: heating at 95°C for 5 min, followed by 28 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, and finally 
RESULTS
DNase I footprinting assay reveals a new section of GlnR-protected sequence in the promoter region of amtB, overlapping with the PhoP-binding sequences. To identify the exact DNA sequences that GlnR protected in the promoter region of amtB, a DNase I footprinting assay using purified recombinant His-GlnR was performed. Along with the increase of His-GlnR, a clearly protected region of 79 nt extended from positions Ϫ177 to Ϫ98 relative to the translational start site in the coding strand of the amtB promoter (Fig. 1) . Almost the same protected region of 77 nt between positions Ϫ173 and Ϫ96 was observed in the noncoding strand (see Fig. S1 in the supplemental material). Within the protected region, apart from the previously deduced two 22-bp GlnR binding boxes (a1-b1 and a2-b2), another GlnR binding box consisting of "TTCAC"-n6-"GTAAC" was identified 15 nt before the former predicted a1 site, and these residues were designated the a3 site and the b3 site, respectively (22) (Fig. 2) . The results from the DNase I footprinting assay also revealed that GlnR protected the a3-b3 site most efficiently but protected the a2-b2 site with the least efficiency (Fig. 1) . Based on both bioinformatics analysis and experimental data, the PHO operators were classified into three groups (19) , and the PHO operator upstream of amtB belonged to class III, comprised of two core DRus (C-DRus) and one DRu that extended the protein occupancy beyond the core (E) (19) . Interestingly, the a3-b3 site was overlapped by the two previously defined C-DRus of the PhoP-binding sequences ("C" in Fig. 2) .
Mutations in a1-b1, a2-b2, or a3-b3 upstream of amtB resulted in different in vitro binding affinities and patterns with GlnR. A double-stranded wild-type DNA fragment of the region upstream of amtB containing both GlnR-and PhoP-protected regions was synthesized in vitro and designated fragment oWT (see Materials and Methods). EMSA using fragment oWT with purified His-GlnR in a series of titration revealed two GlnR/DNA complexes. The faster-moving complex was designated complex I, whereas the slower one was designated complex II (Fig. 3B) .
Considering the physical structures of the nucleotides, the base transition, which interchanges between either two purine nucleotides (A and G) or two pyrimidine nucleotides (C and T), is less likely to introduce large changes in the DNA structure (9) . To further study the roles of these three GlnR binding boxes, base transition mutations were introduced into oWT at the a1-b1, a2-b2, and a3-b3 sites to generate fragments oM1, oM2, and oM3, respectively (Fig. 3A) . Taking fragment oM3 as an example, only the a3-b3 site was changed from TTCAC-n6-GTAAC to CCTGTn6-ACGGT, while other DNA sequences remained the same as for oWT. These mutated fragments could still form protein/DNA complexes with GlnR, but the patterns were different from that between GlnR and the wild-type oWT. Specifically, oM3 could only form complex I with GlnR, but the binding affinity was lower than that of the wild-type oWT. When the a1-b1 site was mutated, GlnR could only bind to oM1 with extremely low affinities, with the complexes I and II hardly observed (Fig. 3C ). For oM2, only complex I was formed when a lower concentration of GlnR was applied, while complex II between GlnR/oM2 could be successfully formed with increased GlnR concentration, suggesting that complex I was formed prior to the formation of complex II. Under both tested concentrations of GlnR, the binding affinities between GlnR and oM2 seemed unchanged relative to that between GlnR and oWT (Fig. 3C) . Therefore, we could infer that the a3-b3 site was required for the complex II formation, the a1-b1 site was necessary for efficient formation of both complex I and complex II, and the a2-b2 site could help the formation of complex II when GlnR was at a lower concentration. In addition, the a3-b3 site could promote the formation of complex I, since mutation in the a3-b3 site led to a lower efficiency in forming complex I. The protected patterns remained the same even when the amount of GlnR used for the binding assay increased up to 2.4 g (data not shown). The fmol DNA cycle sequencing system was used for DNA sequencing reactions. The sequencing products, together with the digestion products, were analyzed with an ABI 3130xl DNA analyzer and peak scanner software v1.0 (Applied Biosystems). The four sequencing results (G, A, T, and C) are indicated by four different colors separately and are then merged together. The overlapping peaks were probably caused by higher secondary structures within the promoter region. The electropherograms were aligned together with the use of standards. BSA, bovine serum albumin. The region protected by GlnR from DNase I digestion is underlined and italicized, while the previously bioinformatically deduced GlnR binding sequences is shaded (22) . The a sites and b sites within the GlnR-protected region are enlarged and double underlined. The overlined PhoP binding sequences overlapped with the newly identified a3 site and b3 site. The previously deduced three DRus for PhoP binding are boxed and labeled with an "E" for the extension site and a "C" for the core sites (14) . P1, represented by bent arrows, indicates the first and major transcription start site for the amtB operon (2). The primer sequences used for DNase I footprinting assay [SCamtBFP(M13F) and SCamtBFP(M13R)] are labeled by arrows.
All three a-b sites are essential for GlnR-mediated activation of amtB transcription in vivo. Transition mutations were introduced into the three GlnR binding boxes in the amtB promoter region separately (see Materials and Methods), where the mutations at a1-b1, a2-b2, and a3-b3 sites were the same as shown in Fig. 3A . The mutated promoters together with the wild type were coupled to the reporter egfp gene in the promoter-probe plasmid pIJ8660 (21) , which were then introduced into S. coelicolor M145 to measure the promoter activities. Plasmid pIJ8660 without a promoter was used as a negative control, and pIJ8660 with the promoter of housekeeping gene hrdB was used as a positive control (17) . Strains were shocked with nitrogen-limited conditions before the promoter activities were analyzed with RT-PCR, and the results clearly showed that mutations in each of the a-b sites severely impeded the transcription of egfp gene (Fig. 4) . Therefore, all three a-b sites in the amtB promoter were required for GlnRmediated activation of amtB transcription under nitrogen-limited conditions.
The EMSA experiment of PhoP/GlnR binding to their overlapping binding sites suggests a competitive binding mechanism for their counter-regulation of amtB transcription. That the a3-b3 site defined in the present study overlapped with two core PhoP-binding DRus ("C") in the amtB promoter (Fig. 2) suggests that PhoP may compete against GlnR from binding to the a3-b3 site and thus conducts its repressive function.
Recombinant S. coelicolor S-PhoP was expressed and purified from E. coli and was used to conduct the EMSA with both the wild-type and its mutated promoters of amtB. Along with the increase of the concentration of S-PhoP, three major types of SPhoP/oWT complexes could be observed in the order of complexes I to III, with complex III only visible at the highest concentration of S-PhoP (Fig. 5) . When any one of the a-b sites was mutated, only mutation at the a3-b3 site impeded the formation of complex III (Fig. 5) .
Probe oWT was further incubated with GlnR and PhoP for EMSA (16, 23) . After the formation of stable complex II of GlnR/ oWT, PhoP was added at incremental concentrations. Along with the addition of PhoP, the GlnR/oWT band disappeared, while more retarded bands were observed with the same migration rates as those of PhoP/oWT complexes I, II, and III (Fig. 6) . Because the a3-b3 site was required by PhoP to form the largest complex, PhoP might compete against GlnR in binding to the a3-b3 site in the amtB promoter. However, based on the present data, we cannot prove that the more retarded complexes merely contain PhoP because it cannot be demonstrated that the complexes with the same mobility rates are composed of the same proteins, especially when the formed complexes are extremely large and the mobility rates are analyzed using EMSA. Moreover, although with low affinities, GlnR was able to bind oM3 (Fig. 3C) , where the a3-b3 site was mutated, and thus it was possible that PhoP might only replace GlnR in binding to the a3-b3 site while it left GlnR binding to the a1-b1 and a2-b2 sites.
DISCUSSION
Streptomyces spp. have developed complicated mechanisms to adapt their metabolism to the change of the extracellular environments (16) . Among these mechanisms, cross talk between different regulators may integrate different signal inputs through finetuning the expression of key target genes (10, 15) . A regulatory link between nitrogen metabolism and phosphate metabolism was proposed in S. coelicolor, which was coordinated by PhoP through directly binding to the promoters of the nitrogen metabolism-associated genes, including glnA, glnII, and amtB (14) . However, the roadblock mechanism suggested for amtB was different from that of the proposed "competitive binding" for glnA and glnII.
Based on the DNase I footprinting data, we defined, in the present study, a new GlnR binding box comprising of an a3-b3 site in addition to the previously well characterized a1-b1 and a2-b2 sites in the promoter region of amtB (22) . All of the three GlnR binding boxes were proven essential for GlnR-mediated activation of amtB transcription in vivo. Although the newly characterized a3-b3 site fitted the motif of a-site-n6-b-site, it once again demonstrated the complexities of GlnR binding consensus sequences, e.g., the number of GlnR binding boxes and the distance in between. Through in vitro EMSA analysis, GlnR could form two major complexes with the amtB promoter; however, when the a1-b1 site was mutated, a weak complex III beneath complex I of GlnR/oM1 was detected. Since sheared salmon sperm (100 ng/ml) was added in the binding system, complex III was likely to be the product of GlnR/a3-b3 (or GlnR/a2-b2) rather than a nonspecific binding product between GlnR and oM1. Apart from complex III, which was not observed in GlnR binding of oWT, the transition between complex I and complex II during GlnR binding is still unclear. More work is needed to completely understand the ciselements and the mechanisms for GlnR binding and regulation.
Since the newly identified a3-b3 site was located within the two C-DRus of PhoP-protected DNA sequences upstream of amtB and the a3-b3 site was essential for GlnR to activate amtB transcription, the repressor role of PhoP in amtB transcription could therefore be inferred, which was the same as in the regulation of glnA and glnII. The mutation of the a3-b3 site in the present study resulted in the failure of GlnR-mediated activation of amtB transcription, which was therefore inappropriate for the study of the in vivo function of a3-b3 for PhoP regulation. Considering the diversities of a-b sequences of GlnR binding boxes, to further confirm the repressor role of PhoP in vivo, future work will focus on screening for partially mutated a3-b3 sites, which could not be recognized by PhoP but could be selectively bound by GlnR and thus the transcriptional activation of amtB by GlnR will not be affected.
In another important industrial strain, Streptomyces venezuelae, the most common motif identified for GlnR binding was found to be comprised of two copies of a sites separated by 6 nt (12) . Based on the present data, we compared the amtB promoter sequences of S. venezuelae to that of S. coelicolor using the multiple sequence alignment methodology of CLUSTAL W (4) and found that the two promoters shared high conservation among all three pairs of the a-b sites, with only one base difference at the a2 site (Fig. 7) . Although experimental verification is required, the existence of three GlnR binding boxes in the S. venezuelae amtB promoter suggests that the counter-regulation of amtB transcription by PhoP may also exist in S. venezuelae and that the complexities of GlnR binding consensus sequences could be universal.
The amount operon (amtB-glnK-glnD) encodes an ammonium transporter, a PII protein, and an adenylyltransferase. The S. coelicolor GlnD was proved to function differently from the typical uridylyltransferase, GlnD, in enteric bacteria. Moreover, neither GlnK nor GlnD was required for the rapid adenylation of glutamine synthetase I (GSI) by GlnE in S. coelicolor (5) , which was different from that in enteric bacteria, leaving the roles of the GlnK/GlnD system uncharacterized in S. coelicolor. The cross-regulation of the transcription of amount operon by the phosphatesensing PhoR/PhoP system and nitrogen-sensing GlnR indicates a connection between the overall availabilities of phosphate and nitrogen as well as the function of GlnK/GlnD, opening another window for an in-depth study of the GlnK/GlnD system in S. coelicolor.
FIG 7
Sequence alignment of S. coelicolor (SCO) and S. venezuelae (SVEN) amtB promoters by CLUSTAL W. The GlnR-protected region in S. coelicolor is overlined. Three pairs of "a sites" and "b sites" are underlined and labeled. The sequences below the a3-b3 and a1-b1 sites are the GlnR consensus sites for the S. venezuelae amtB promoter in the study by Pullan et al. (12) , and the sections of sequences in boldface and underlined match the proposed GlnR consensus sequence.
